Technical Commission VIII, WG 7 (Forestry) KEY WORDS: LIDAR, Forestry, Sustainable, Multisensor, Scale, Terrestrial
INTRODUCTION
Sustainable forest management is fundamental to the preservation of biodiversity and mitigation of climate change (Garnaut, 2008; Lanly, 1995) . Delineating criteria and indicators that provide valuable information on forests are important to assist sustainable forest management (Raison et al., 1998) . Leaf Area Index (LAI) has been recognised as a key forest indicator and is one of the Essential Climate Variables which support the '…research, modelling, analysis, and capacity-building activities…' requirements of the United Nations Framework Convention on Climate Change (UNFCCC) (GCOS, 2010) . Another key forest indicator is canopy cover which is a primary requirement for the definition of forest as recognised by the United Nations Food and Agricultural Organisation (FAO) (FAO, 2010) .
LAI is a quantitative measure of the amount of leaf tissue in the canopy per unit of ground area (GTOS, 2009) . It is broadly defined as 'leaf area per unit area of land' (Watson, 1947) . LAI is a non-dimensional measurement, but is usually quantified as m 2 of leaf area per m 2 of ground area. (Running et al., 1986 ) identified LAI as 'the single variable both amenable to measurement by satellite and of greatest importance for quantifying energy and mass exchange by plant canopies over landscapes'.
'Canopy cover refers to the proportion of the forest floor covered by the vertical projection of the tree crowns' (Jennings et al., 1999) . Canopy cover and variations of cover such as Foliage Projective Cover (FPC) provide a useful measure of the amount and distribution of foliage and allow for analysis at a number of spatial scales (White et al., 2000) .
Remote sensing technologies can be utilised to indirectly derive both LAI and canopy cover metrics. Remote sensing technologies enable the landscape to be analysed at multiple scales from ground, airborne and spaceborne platforms (Zheng & Moskal, 2009 ). The technologies can categorise their sensors as being either passive or active. Terrestrial remote sensing technologies used to derive LAI and canopy cover metrics are important for calibration and validation of datasets derived from the airborne and spaceborne platforms (Baret, 2007; Morisette, 2006) .
Passive sensors, such as imagery, can only detect energy when naturally occurring energy exists (Zheng & Moskal, 2009 ). Whereas active sensors, such as LiDAR, emit their own energy source and record the energy returned from objects of interest (Zheng & Moskal, 2009) . The advantage of an active sensor over a passive sensor is that it is independent of the naturally occurring energy in the environment. Active sensors are not limited in their time of operation by environmental conditions such as the amount of sunlight available.
Terrestrial remote sensing technologies such as Digital Hemispherical Photography (DHP), ceptometers and Terrestrial Laser Scanning (TLS) are utilised to provide LAI and canopy cover at the in situ scale through gap fraction analysis (INRA, 2010; Zheng & Moskal, 2009) . Gap fraction can be used to derive other metrics such as foliage mean tip angle (MTA), the fraction of absorbed photosynthetically active radiation (FAPAR) and the fraction of vegetation cover (FCOVER) (INRA, 2010) . Airborne and spaceborne technologies derive LAI through transfer functions from the terrestrial data (Zheng & Moskal, 2009 ). However, indirectly deriving LAI and canopy cover metrics has limitations.
The formula to derive LAI and associated metrics from gap fraction assumes a random distribution and angle of foliage within a canopy. However, in the Australian context these assumptions of deriving LAI from gap fraction are not always met (Coops et al., 2004) . Eucalypt species commonly found in Australia have a trait of heliotropic leaves, which breaches the assumption that the foliage orientation is random within the canopy (Caldas et al., 1997) . These leaf traits make Australian forest species unique to most other species found around the world. The variety of active and passive terrestrial remote sensing technologies indirectly measuring LAI will be used to investigate the impact of leaf angle distribution.
There have been few studies conducted in natural forested environments in Australia examining LAI (Coops et al., 2004) . There is a lack of research focusing on leaf clumping and leaf angle distribution of representative Australian vegetation using terrestrial remote sensing technologies. Furthermore, there has been little research undertaken in testing sampling schemes in Australian conditions. (Hill et al., 2006) stated that the global MODIS LAI product could benefit from an examination of the structural components of Eucalypt forest canopies for Australia.
The main aim of this research is to contribute to the body of knowledge for LAI and canopy cover metrics over representative Australian forests. Specifically, this research looks at the level of variability among the suite of terrestrial remote sensing instruments used to derive LAI and canopy cover metrics in different forest conditions. The comparison of active and passive ground based sensors will occur at two study sites in Victoria representative of natural land systems. One study site is representative of a dry sclerophyll forest, while the other is a dense wet forest with a colder climate. The specific passive instruments used for comparison were the DHP, LAI-2200, and CI-110. The active instrument to be utilised is the Leica Scan Station II TLS. Results reported in this study are between the DHP and LAI-2200 over a subset of the Rushworth sample area. The results indicate a poor correlation for LAI derived from the in the dry sclerophyll forest.
This research is aligned with the Cooperative Research Centre for Spatial Information's (CRC-SI) Project 2.07 (CRC-SI, 2012). The main objective of Project 2.07 is to derive woody features and metrics at the landscape level for land managers over representative forests for broad-scale use throughout Australia.
This research has two longer term objectives not reported on in this study. Firstly, to characterise both study area's variability of LAI and cover metrics using active and passive terrestrial sensors. Each area is to be stratified and randomly sampled at the plot scale. Determining the plot variability will be investigated through testing a variety of gridded and transect based sampling strategies in order to determine the minimum number and configuration of measurements to characterise each metric at the plot scale. A second research aim is to use the remotely sensed terrestrial data to validate and calibrate aerial and satellite datasets for LAI and canopy cover metrics. Ultimately, a validation of the MODIS LAI product will be completed.
METHODS

CRC-SI Project 2.07
CRCSI Project 2.07 commenced in July 2011 and will continue to the end of 2014. The main objective of Project 2.07 is to delineate key woody features and metrics and derive them at the landscape level for land managers over representative Victorian forests. The metrics will be derived from the in situ to site scale. This research is primarily concerned with upper canopy metrics such as LAI and canopy cover. Three study sites located in Victoria, Australia have been identified for Project 2.07. Each 5x5km site was specifically chosen to be representative of Victorian land systems. The three areas are Rushworth, Watts Creek and Zig Zag Creek. The focus of this research is on a subset of the Rushworth and Watts Creek study areas.
Study Areas
Both study areas are relatively undisturbed. It is considered by the managing agency (Department of Sustainability and Environment, Victoria) that the public lands on which the forests reside represent largely intact, natural and sustainable ecosystems.
Figure 1: Location of the CRC-SI Reference Areas
Rushworth: The Rushworth Forest Reference Area (36°45'S, 144°58'E) is representative of a dry sclerophyll forest and is located within a box-ironbark forest (Figure 1 ). The reference area is part of a Box Iron Bark forest that includes several eucalypt species such as Red Iron Bark (Eucalypytus sideroxylon), Red Stringybark (Eucalyptus macrorhyncha), Red Box (Eucalyptus polyanthemos), Grey Box (Eucalyptus microcarpa) and associations. The area is dominated by the Ecological Vegetation Class (EVC) (Woodgate et al., 1994) 'Box Ironbark Forests or dry/lower fertility Woodlands' and 'Dry Forests -Exposed and/or lower altitude'.
The topography of Rushworth is mainly low-lying undulating land with a few minor gullies. The elevation ranges from 195m to 240m above sea level. Typical of the box-ironbark forests, no streams in the area carry permanent water but rather act as drainage lines. The climate is Mediterranean with hot, droughtprone summers and cool winters. The elevation ranges from 900m to 1220m above sea level. The slopes have been steeply dissected by the young degrading Watts Creek tributaries. Slopes of the order of 15° to 20° can be found. The climate of the upper Watts River watershed is cool, wet and temperate. There exists a pattern throughout the area of increasing rainfall and decreasing temperatures with elevation.
Terrestrial Remote Sensing Instruments
A variety of active and passive terrestrial remote sensing instruments are intended to be utilised in this research. It must be noted that the metric being derived is in fact Plant Area Index (PAI) instead of LAI, as the gap fraction method fails to differentiate between foliage and non-foliage elements of vegetation (Coops et al., 2004) .
LAI-2200:
The LAI-2200 Plant Canopy Analyser is a passive sensor used to compute LAI and a variety of other canopy structure attributes from radiation measurements. The instrument is made with a fish-eye optical sensor. The ceptometer sensor has five circular rings sampling a 148° field of view (FOV). Measurements are made both above and below the canopy in order to determine a ratio of the radiative transfer of sunlight through the canopy. It is a proven method to determine LAI and related gap fraction metrics (Chen et al., 1991) .
DHP:
Digital Hemispherical Photography is a passive sensing technology that provides a large FOV image at the point of capture. The DHP setup used in this research comprises a Nikon D90 Digital SLR camera with a Sigma EX 180° 4.5mm circular fisheye lens. The resolution of the camera is 12.3MP. Gap fraction is calculated through classification of the image into sky and non-sky elements (Chen et al., 1991) .
CI-110:
The CI-110 is passive self-levelling imaging sensor. It has a 180° FOV and a 24 sensor Photosynthetically Active Radiation (PAR) wand used to measure the amount of incident solar radiation in the visible spectrum. The imaging device is restricted to a resolution of 0.4MP, which is much lower than the Nikon D90 SLR. The gap fraction is calculated with the same method as the DHP, where the image is classified into sky and non-sky elements.
TLS:
Terrestrial laser scanners produce a very dense 3D point cloud, which provides a rich representation of the forest environment from the ground up (Vosselman & Maas, 2010) . The TLS to be used in this research is the Leica Scan Station II. The Scan Station II is a survey grade accuracy TLS and has a range of 300m at 90% reflectivity. It has a 360° horizontal and 270° vertical FOV. It attributes each point with a red, green, and blue (RGB) colour value. The laser is Class 3R, operating in the Green band (106-302nm). TLS has can be used to derive gap fraction from the ratio of received returns to total emitted points (Danson et al., 2007) .
Modified densiometer:
Traditionally, FPC is derived using a densiometer attached to the end of a pole which has been adjusted to the operator's height. A laser rangefinder is attached to the end of the pole with the densiometer. The rangefinder records the height to the first vegetation or canopy intercept. This provides a characterisation of the bottom of the canopy. The laser rangefinder attached to the pole is the Trimble Trupulse. The height and FPC metrics will be used to validate the FCOVER metrics from the DHP and CI-110. The rangefinder measurements will be used to compare against the TLS point cloud.
Terrestrial Instrument Comparison
The first aim of this research was to conduct a comparison of active and passive terrestrial remote sensing technologies available to produce LAI and canopy cover metrics. The instruments to be used for comparison are; DHP, LAI-2200 and CI-110 for the passive sensors, and the TLS for the active sensor. However, results from only the DHP and LAI-2200 over a subset of the sampling design will be presented here.
The comparison was conducted at Rushworth to provide an indication of the degree of interoperability and transferability of technologies and methods. A gridded sampling design was developed to compare the instruments over a number of points at one sample location in Rushworth (see Figure 2) .
The 40x40m grid consists of three areas of varying sample density. At the centre of the plot there is an 8x8m grid sampling at the highest density of every 1m. Surrounding the 1m grid is a 24x24m grid sampling every 2m. The 2m grid extends out to the 40x40 grid sampling at the lowest density of every 4m. There are 81 points at the 1m density, 144 points at the 2m density, and 72 points at the 4m density, totalling 297 points for the 40x40m grid.
A field survey during March 2012 was conducted in Rushworth testing the feasibility of the 40x40m sampling design. DHP, CI-110 and modified densiometer were captured at every point in the grid. LAI-2200 was captured at only the 4m sampling density for the 72 outer points. The TLS is scheduled to be captured for the centre point of this grid for later comparison. Figure 3 demonstrates the bias between the two technologies. The DHP is consistently providing an LAI value lower than the LAI-2200. However, correlating the two technologies produced an R 2 of 0.46 (linear regression intercepting LAI-2200 vertical axis at 0.23) which indicates an inconsistent bias.
The results for LAI produced by the DHP and LAI-2200 are different from the comparison reported by Coops et al., (2004) . Coops et al., (2004) found that the DHP and LAI-2000 produced higher R 2 value of 0.65 for a linear regression with an intercept at the LAI-2000 axis at 0.72.
Further differences between the two studies may be explained by vegetation type, number of measurements, measurement aggregation, and different DHP processing software to derive LAI. The dominant tree species found in the Coops et al., (2004) were the Eucalyptus delegatensis and the Eucalyptus dalrympleana. These species are significantly taller and produce a more uniform upper canopy to the species found in Rushworth. Furthermore, the mean LAI values reported in Coops et al., (2004) are greater than the study area in Rushworth, and are indicative of the lower biomass of the tree species found in Rushworth. Coops et al., (2004) also aggregated plot measurements, whereas this study compared individual measurements over one plot. Lastly, different software packages were used to derive LAI from DHP in the two studies. Coops et al., (2004) used HemiView 2.1 software which requires the user to manually define a threshold for classifying the image into sky and non-sky elements for gap fraction analysis. Conversely, the DHP software used in this study automatically thresholds each image.
Further Analysis to be completed at Rushworth
The gridded sampling strategy provided an increased coverage area for a similar time cost by modifying the measurement spacing. The strategy will allow for a comparison of results at a variety of sampling densities and designs (Nelder, 1962) . The design allows for comparison at the point level of a variety of metrics, and also enables comparisons to be undertaken at a variety of scales through aggregation of measurements.
The comparison of metrics at the individual point scale will be extended to MTA, FAPAR and FCOVER metrics for both the DHP and CI-110 data. Comparing the same metrics from different technologies is important for determining the degree of consistency within each study area. Different metrics will be correlated against each other to determine the degree of relatedness.
Another factor of significance for LAI is the ratio of woody to non-woody vegetation. The FPC transect will enable the ratio of woody to non-woody vegetation to be calculated. This ratio could be utilised when determining the link between LAI and PAI.
The aggregation of point scale measurements for comparison enables different metrics to be correlated with each other over multiple scales. Aggregation is relevant as each instrument has a varying FOV and sample radius. For example, FCOVER produced by the passive imaging devices is derived over a FOV, which allows for the FPC value to be aggregated of the same FOV for comparison. Furthermore, FCOVER can be aggregated and averaged at the plot scale and then compared to the site's aggregated FPC value.
The gridded sample design, which allows for testing of various sampling designs at different densities, will enable the minimum number of measurements and their location to be determined in order to characterise the variability of each metric for the entire plot. This will provide insight as to the approximate sampling scheme required for each plot location as each site is relatively homogenous.
A further comparison will be made between the height profile from the modified FPC and the bottom of canopy returns from the TLS data. The dense TLS dataset will provide a reference dataset for the modified FPC measurements and give an indication of the robustness of the FPC sample density.
An investigation will be conducted to determine whether a more accurate extent of the individual FOV point measurement from the passive sensors can be derived from TLS. The restricted FOV from each passive instrument will be projected out from the centre of the TLS point cloud to determine a theoretical extent of the sampling radius. The restricted FOV will be 115 degrees, as the 57.5 degrees azimuth angle was found to be favourable to derive LAI (Wilson, 1963) . Once the approximate sample radius is calculated, it will be utilised as a more geometrically accurate sample size at each point measurement for validation and calibration of aerial and satellite remote sensing datasets.
Future Planned Research
As Project 2.07 is still in the first year of a three year study, the majority of the research is yet to be conducted. The two study areas that are the focus of this future research are Rushworth and Watts Creek. Both areas provide for a good comparison as the vegetation species and distribution are different, as well as climatic factors. Below is an outline of a subset of future planned activates, intended research and preliminary methodology.
Airborne data collection: Aerial data consisting of ALS and imagery will be acquired at the 5x5km extent for each site. The ALS scanner to be flown is a Riegl LMS Q560. The approximate flying height is 1km and a ground sample density of 20 points/m 2 . The absolute horizontal and vertical accuracies expected are ±0.3m and ±0.2m respectively. The ASIA Eagle and Hawk passive scanners are to be flown to provide a seamless high spatial resolution (<1m pixel size) dataset (NERC, 2012) . The sensors provide radiometric resolution from 400nm to 2500nm.
Study Area Scale Characterisation:
A major aim is to collect the in situ data for scaling to aerial and satellite remotely sensed datasets. The in situ data will be utilised for both calibration and validation of the aerial imagery and LiDAR captured for Project 2.07. The site sampling scheme is pivotal to ensure the in situ data will provide a robust scaling method.
The centre 3x3km of the site is to be stratified into nine 1km grids, each with one randomly selected plot location. The sampling design for each plot will follow the SLATS Star Transect protocol (TERN, 2012) . The design consists of three 100m long transects centred at the middle of the plot (Figure 4) . The first transect is aligned in the North-South direction, where the next two transects are placed at 60° rotations from the centre point.
For each of the three 100m transects, an LAI value is recorded at every meter interval using the LAI-2200, totalling 300 measurements. The DHP and CI-110 capture one image at the centre of the plot, one image at each point 25m away from the centre, and one image at the end of each arm, totalling 13 images from each instrument. The TLS is to complete one scan at the centre point. However, due to logistical constraints the TLS will be utilised at only a subset of the nine plots for each site. The in situ measurements will be related to the passive aerial datasets though transfer functions (Zheng & Moskal, 2009) . Transfer functions enable the metric to be derived at the scale of the data captured by remote sensing instrument. ALS can derive gap fraction through ratios of below canopy returns to total returns (Morsdorf et al., 2006) . A future aim is to compare the LAI derived dataset at the site scale against the MODIS LAI product. Furthermore, the MODIS product could be validated from the in situ measurements collected from this research.
CONCLUSION
LAI and canopy cover are important for forest managers and decision making. This paper outlined a comparison between two passive terrestrial remote sensing technologies used to derive LAI metrics. The area investigated contained dry sclerophyll forest is representative of vegetation found in Victorian land systems. Preliminary results indicated a poor correlation between two passive instruments for deriving LAI. Future research will be conducted to examine the differences in instruments and methods, and include other active and passive terrestrial sensors for comparison. The in situ data can be utilised for both calibration and validation of the coincident aerial imagery and LiDAR.
